Natural Rubber (NR)-barium ferrite (BaF) composites (RFCs) have been prepared. Structural features of the composites were characterized by Infrared spectroscopy and scanning electron microscope (SEM). Differential scanning calorimetry (DSC) analysis showed that there is small variation of glass transition temperature (≈-1˚C). The activation energy of glass transition was calculated by Kissinger method and has values between (53 -110 kJ/mol). Thermodynamic parameters such as activated entropy, enthalpy and Gibbs free energy were calculated for glass transition also. Thermogravimetric analysis TG and its derivative DTG showed one stage thermal decomposition between 300˚C -400˚C with weight loss between (19.47% -52.13%). Increasing barium ferrite loading will increase the thermal stability of natural rubber. The kinetic parameters such as activation energy, entropy, enthalpy and Gibbs free energy for composites in the decomposition region were calculated and analyzed using Coats-Redfern technique.
Introduction
Natural Rubber (NR) has long been considered as an excellent general purpose polymer with wide-ranging industrial applications. Also, its unique combination of properties has made it an elastomer of choice for many of the sophisticated engineering applications [1] . However, one of the limitations of NR is its low value of hightemperature stability. Quite often, the additives, such as plasticizers, fillers, curatives, flame-retardants, etc., used for compounding, affect the thermal and thermo-oxidative stability of the base polymer, good information about which may be obtained from thermal analysis methods such as TGA, DSC. Hard ferrite or ceramic permanent magnets are considered to be an important and sophisticated class of engineering materials, which are used extensively in various applications. Hexaferrite magnets have found acceptance in many electronic products, as a result of their superior cost efficiency, large corecivity, and specific magnetic saturation associated with their high magnetic and chemical stability [2, 3] . The advantages of polymer bonded magnets over their metallic and ceramic counterparts include low weight and cost, resistance to corrosion, ease of machining and forming, and capability of high production [4] . The impregnation of magnetic fillers in the matrix imparts magnetic properties and modifies the physical properties of the matrix considerably [5] . A few researches have reported the processing and dynamical properties of polymer composites containing hexaferrite prepared by ordinary methods up to 120 phr (part per hundred part of rubber). The result indicates poor adhesion between ferrite particles and polymer, in spite of the fact that the percolation was not achieved yet for these types of composites. The maximum loading was about 120 phr [6] [7] [8] [9] .
This work forms part of a comprehensive study focusing on the fabrication of hard magnetic ferrite and rubber-ferrite composites (RFCs), and study their physical properties (curing, mechanical, magnetic, and electrical properties) as a function of ferrite content. The present manuscript is an attempt to understand the IR, thermal stability and decompositions characteristic in the case of high coercivity materials-polymer composites as a function of ferrite loading up to 200 phr.
Experimental Procedure
Barium ferrite powders having a coercive force of 5.2 kOe, magnetization 67 emu/gm and 45 -200 µm particle size were prepared by a coprecipitation method according to Makled et al. [10] . After characterization they were mixed with a natural rubber ADS (air dried sheet) by various loading up to 200 phr to form rubber-ferrite composites (RFCs). The recipe used for this study is given in Table 1 . The composites were prepared in a two-roll mixing mill and after homogenization they were cured and molded into thin sheets of 1 -2.5 mm in thickness at 150˚C using a hydraulic press according to ASTM D-15. The SEM samples were prepared by fracturing the samples and polishing the surfaces under liquid nitrogen, followed by carbon coating. The IR analysis was performed using a PYE spectrophotometer over the range 200 -1000 cm -1 . Thermal analysis was carried out using a computerized DSC and TGA, TA-50 Schimadzu Corporation, Kyoto, Japan. Measurements were carried under nitrogen atmosphere (30 ml/min). Figure 1 shows the distribution of ferrite particles in rubber matrix at 200 phr. The variation of particle sizes, the broad particle distribution, and the homogeneous dispersion can be observed. It also noticed there is no tendency to form agglomerates in the present RFCs even at high loading level. These unusual behaviors can be attributed to the nature of ferrite particles and the degree of mixing, which are critical factors in controlling the physical properties of a polymer-bonded magnet [11] .
Results and Discussion

SEM Characterization
IR Spectroscopy
Infrared studies indicated the presence of two strong absorption bands ν 1 and ν 2 which are found in the expected range as shown in Figure 2 . Assignment of bands is given in Table 2 . The high frequency band ν 1 is in the range 590 to 600 cm -1 and the lower one ν 2 in the rang 438 to 446 cm -1 . The change in the band position is due to the change in the Fe 3+ -O 2-internuclear distance of the octahedral and tetrahedral sites. Waldron [12] and Hafner [13] attributed the ν 1 to the intrinsic vibration of the tetrahedral groups, whereas ν 2 is due to is due to octahedral groups. A small band ν 3 in the range of 334 to 342 cm -1 is assigned to the divalent octahedral metal ions-oxygen ion complex [14] . The appearance of the band ν 4 in the range 292 -298 cm -1 depends on the mass of the divalent tetrahedral cation and is assigned to the lattice vibration [15] . It is also observed that, ν 1 shifts towards higher frequency side with increasing particle size. The reason for this could be attributed to shifting of Fe 3+ ions toward oxygen ions with increasing the particle size, then the average bond length increases.
Differential Scanning Calorimetry and
Thermodynamic Parameters DSC provides information concerning the enthalpy change accompanying a physical or chemical event, within a material. The glass transition is a second order event, which manifests itself in a DSC curve as a step changing corresponding to the change in the heat capacity of the system [16] . Figure 3 shows DSC curves measured from natural rubber-barium ferrite composites at heating rate 10˚C/min. The curves exhibited changes in the base line in the temperature range (-59˚C -58˚C) which are attributed to the glass transition temperatures of the investigated samples.
The results of the glass transition temperatures are summarized in Table 3 . The variation of glass transition emperature with ferrite loading is small (≈-1˚C). This t small variation could be associated with the imposed restriction due to the interaction between the filler and the rubber matrix [17] . The present T g behavior is exactly coincide with the results which obtained from the dynamic properties of RFCs [18] . The activation energy of glass transition can be achieved by using the Kissinger formula, which was initially derived for the crystallization process but it is suggested as being valid for the glass transition [19, 20] . This formula has the following form:
The values of the activation parameters are summarized in Table 3 . The activation energy takes values between (53 -110 kJ/mol). The higher values of activation energy can be attributed to the adhesion between the ferrite particles and NR matrix [10] as a result of increasing ferrite loading up to 160 phr. After this ferrite loading the dilution effect occurs as a result of the diminishing volume fraction of the polymer in the composites. The values of ∆S # for glass transition are positive indicating that the corresponding activated composites have higher disorderness than the initial state. The positive values of ∆G # indicated that glass transition process is not spontaneous at room temperature. The larger ∆G # , the harder transition process. The endothermic peaks in DSC curves agree well with the positive sign of the activation enthalpy. The larger values of ∆H # means more energy needed for transition.
where R is the universal gas constant, β is heating rate, T g is the glass transition temperature, E g is the glass transition activation energy, and A is the pre-exponential factor. The change of the entropy (∆S # ) may be calculated according to the relation [21, 22] :
where A is the pre-exponential factor obtained from the Kissinger method, e is the Neper number, χ is transition factor, k B is the Boltzmann constant, h is the Plank constant. The change of enthalpy (∆H # ) may be obtained according to:
where E # is the activation energy. The change of Gibbs free energy ∆G # for the glass transition process can be calculated using the well known thermodynamic relation:
The variation of glass transition temperature with heating rate (β = 10, 20, 30, 40˚C/min) is represented in Figure 4 for NR and 90 phr loading samples (for sake of brevity). The values of E g can be estimated from the plot is -E g /R. Figure 6 shows the Thermogravimetric (TG) and its derivative DTG curves for natural rubber-barium ferrite composites. The decomposition step as well as percentage weight loss are given in Table 4 . TG and DTG curves of all samples have shown the same general shape, suggesting that the decomposition mechanisms are simi- lar. All samples studied exhibited an initial small mass loss attributed to the elimination of volatile components such as water, and ammonia residue [23] . All samples are table up to 300˚C. It can be seen that the TG curves s have only one large plateau and the DTG curves have only one degradation peak, indicating that thermal degradation of samples is mostly one stage process. The decomposition ranged from approximately 300˚C -400˚C, with mass loss ranging from 52.17% -19.43%, and this is assigned to thermal decomposition of natural rubber into monomers, dimers, trimers, etc. The temperature of the maximum loss rate or peak temperature of the DTG curves ranges from 379˚C -387˚C, and the decreasing of weight loss is due to the increase of non-volatile filler content in the composite samples.
Thermal Decomposition Characteristics and Thermal Stability
Kinetics of Thermal Degradation
It has been reported that above 300˚C, the volatilization of natural rubber becomes more rapid and is substantially complete at temperature near 400˚C. In cis-1,4-polyisoprene vulcanizates, the transitions which occur above 300˚C have been found to be of greater significance because of a strong correlation between the thermal properties and the elastomer combustibility [24] . Therefore, the kinetic parameters have been evaluated only for the major decomposition observed between 300˚C and 400˚C. The kinetic parameters are calculated using Coates and Redfern method [25] :
where α is fraction of decomposition, is the activation energy and other symbols as defined before. Therefore, plotting
Equation (5) should give a straight line whose slope is directly proportional to the activation energy (
The activation enthalpy ∆H # , and the Gibbs free energy ∆G # were calculated using the following Equations (3) and (4) with replacing T g by T p (T p is the peak temperature of DTG). The entropy ∆S # gives information about the degree of disorder of the system, the enthalpy ∆H # gives information about the total thermal motion and Gibbs or free energy (∆G # ) gives information about the stability of the system. Figure 7 represents the Coats-Redfern plots of the decomposition step for NR and 90 phr loading samples (for sake of brevity). The calculated kinetic parameters are given in Table 5 . The higher values of activation energies show an improved resistance to degradation process.
Conclusion
Natural rubber-barium ferrite composites have been prepared. Variation of particle sizes, distribution, and the homogeneous dispersion can be observed Via SEM. Also there is no tendency to form agglomerates in the present composite system even at high loading level. Infrared studies indicated the presence of two strong absorption bands ν 1 and ν 2 . The change in the band position is due to the change in the Fe 3+ -O 2-internuclear distance of the octahedral and tetrahedral sites. There is small variation of the glass transition temperatures under increasing of ferrite loading. The thermodynamic parameters values indicated that the glass transition process is more disorderrness, not spontaneous or harder process, more energy 
